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Particle manipulationa b s t r a c t
We report the successful manufacture of short ﬁbre reinforced polymer composites via the process of
ultrasonic assembly. An ultrasonic device is developed allowing the manufacture of thin layers of aniso-
tropic composite material. Strands of unidirectional reinforcement are, in response to the acoustic radi-
ation force, shown to form inside various matrix media. The technique proves suitable for both photo-
initiator and temperature controlled polymerisation mechanisms. A series of glass ﬁbre reinforced com-
posite samples constructed in this way are subjected to tensile loading and the stress–strain response is
characterised. Structural anisotropy is clearly demonstrated, together with a 43% difference in failure
stress between principal directions. The average stiffnesses of samples strained along the direction of
ﬁbre reinforcement and transversely across it were 17.66 ± 0.63 MPa and 16.36 ± 0.48 MPa, respectively.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Acoustic levitation techniques have been widely studied within
the biological and medical disciplines, primarily to manipulate
cells and molecules whose size range lies outside the capabilities
of optical tweezers. Since, ultrasonic assembly has been applied
more widely, with the trapping of micron to millimetre size objects
of different shapes and sizes, and the formation of ordered arrays
of particles having become possible. Recently, a number of authors
have reported the successful casting of ultrasonically arranged par-
ticles inside various matrix media; these include acrylics, agar,
epoxy, polyester and also polysiloxane [1–6]. However, to date lit-
tle is known about the structural performance of ultrasonically
formed materials. In this study we explore the feasibility of
employing ultrasonic assembly to enable the manufacture of struc-
turally efﬁcient discontinuous ﬁbre (short ﬁbre) composites. Spe-
ciﬁcally, the fabrication of single layers of glass ﬁbre reinforced
polymers is presented, and an investigation is made into the
mechanical properties of these laminar two-phase materials. The
aim is to demonstrate that ultrasonic assembly is a credible tool
for the manufacture of engineering materials.
Discontinuous ﬁbre composites have lately re-gained interest,
for use within additive layer manufacturing technologies. In partic-
ular, the effective placement and alignment of reinforcement enti-
ties are presently the focus of research attention. Although
alignment of ﬁbres can be achieved using electric or magnetic
ﬁelds, these generally only allow for nematic phases to be formed
[7,8]. In contrast, recent developments in the ﬁeld of ultrasonicshave shown that nano to millimetre size particles can be arranged
into various patterns across all three spatial dimensions by acoustic
standingwaves [9–11]. Here, an acoustic pressure gradient causes a
radiation force to be exerted on arbitrarily shaped objects drawing
them towards either pressure nodes or pressure anti-nodes,
depending on the relative density of particle to suspending ﬂuid.
Oneof fourdistinct approachesmaycurrentlybe taken togenerate
patterns of acoustic radiation forces: mode switching [12], focused
ultrasonic beams [13,14], linear arrays of transducers facing a
reﬂective surface [15–17], and the emission of counter-propagating
travellingwaves [18–20]. Here, counter-propagating devices are con-
sidered as they are relatively less sensitive to changes in the resonant
frequency of the chamber due to the presence of large numbers of
ﬁbrous entities [20,21]. Further, nodal positions are not ﬁxed by the
geometry but by altering the relative phase of the counter-propagat-
ing waves, particles can be moved within the chamber [19,20].
While little is known theoretically about the effect of ultrasound
on dense distributions of ﬁbrous entities and ﬁbre agglomerates,
acoustic radiation forces on single cylindrical particle geometries
have been extensively studied [22–33]. Speciﬁcally, the forces on
rigid, elastic, and viscoelastic cylinders have been evaluated across
a range of frequencies. The direction of the incident radiation is
hereby generally taken to be perpendicular to the cylinder’s long
axis, thus restricting any particle motion to one dimension.
With ultrasonic assembly techniques allowing both the align-
ment and positioning of individual particles, additional control
may be gained over discontinuous reinforcement distributions. A
wide variety of ﬁbre architectures may, in principle, be generated,
hence improving the performance and structural efﬁciency of
short ﬁbre ﬁlled materials. To take one example, a composite’s
susceptibility to impact damage, wear, longitudinal micro-buckling,
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in-plane and out-of-plane reinforcement, i.e. engineered reinforce-
ment across all three spatial dimensions [7].
Similarly, no means are currently available for the additive layer
processing of ﬁbre reinforced polymer composites. Here, difﬁcul-
ties arise from the use of continuous ﬁbre strands, again strongly
indicating the need for structurally improved discontinuous ﬁbre
composites.
In the present article, the manufacture of thin layer discontinu-
ous ﬁbre composites via ultrasonic assembly techniques is demon-
strated. Firstly, relevant material phases and experimental
structures are introduced. A description of the ultrasonic assembly
process follows, together with an outline of how suitable compos-
ite samples are fabricated for mechanical testing. Finally, the struc-
tural characteristics of test specimens are investigated, speciﬁcally
looking to observe anisotropic behaviour.Fig. 1. Ultrasonic device. (a) A standing wave acoustic ﬁeld is formed inside a
central ﬂuid volume, by interference of two counter-propagating traveling waves.
The PZT transducers are submerged in water for cooling purposes, and held in place
by small compression springs. (b) A device representation by material layers: air
(1), PMMA (5 mm), H2O (9.025 mm), PZT (0.975 mm), PMMA (5 mm), resin
(30 mm), PMMA (5 mm), PZT (0.975 mm), H2O (9.025 mm), PMMA (5 mm), air (1).2. Experimental methods and results
2.1. Materials
The blend of ﬁbre composite material used was based on the
aromatic dimethacrylate monomer 2,2-bis[p-(2-hydroxy-3-
methacryloxypropoxy)phenyl]propane (BisGMA), a foundation
commonly used for dental composite applications. To lower the
viscosity of the bulky BisGMA monomer (from gBisGMA  800 Pa s
to gresin  0:76 Pa s [34]), it was mixed with the comonomer trieth-
ylene glycol dimethacrylate (TEGDMA) in a ratio of 1:1 by weight.
0.2 wt% of camphorquinone (CQ) and 0.8 wt% of ethyl 4-(dimethyl-
amino)benzoate (EDB) were also added to achieve radical
photo-polymerisation at a wavelength of 460 nm. Complete
ploymerisation was reached following exposure to a 900 mW
light-emitting diode (LED) for approximately 40 s.
Commercially available, milled glass ﬁbres (Lanxess MF7904)
were used as reinforcement, with a nominal length of 50 lm and
approximately 14 lm in diameter.
Note that in Section 2.3, the ultrasonic assembly of glass parti-
cles into lines of unidirectional reinforcement is also shown across
a range of other matrix media including agar, silicone, and polyes-
ter resins.2.2. Experimental setup
A schematic depicting the experimental setup is shown in Fig. 1.
Counter-propagating waves are generated by two opposing
0.975  15  2 mm lead zirconate titanate (PZT) transducers,
which together form a standing wave ﬁeld inside the device’s cen-
tral cavity. To allow for both piezoceramic plates to be recycled
post matrix polymerisation, a sacriﬁcial poly(methyl methacrylate)
(PMMA) boundary is introduced between the acoustic drivers and
the resin. The PMMA frame is mounted on a glass substrate using
adhesive tape (tesa 64621-00007-01), and allows for easy optical
access. Two further chambers on either side of the device are ﬁlled
with water, providing a necessary heat sink at high driving volt-
ages. Each transducer is held in place by a spring, gently pressing
it against the PMMA boundary layer. The dimensions of the central
cavity are 30  15  2 mm, suitably large to manufacture samples
for mechanical testing but allowing the driving voltage to be kept
at 80 Vpp; an operation at relatively low voltages is desirable
primarily to minimise the effects of acoustic streaming inside the
central cavity. In the x–y plane the sample size was constrained
to the dimensions of the device cavity, the thickness (z-direction)
could be controlled by varying the amount of resin added.
To evaluate the acoustic properties of the present system, a one-
dimensional electro-acoustic transmission line model [35] wasused. The model assumes linear wave propagation through a series
of passive layers of material, inﬁnite in the directions perpendicu-
lar to the direction of propagation. An equivalent circuit approach
[36] is taken to represent the electrically active piezoelectric
plates. A detailed description of these methods is given in an article
by Wilcox et al. [37]. Using this model, the ﬁrst three resonances of
the transducer are calculated to be: 2.01 MHz, 6.77 MHz, and
11.00 MHz. Here, we limit operation to the ﬁrst of these frequen-
cies, which we predict to maximise acoustic pressure for a given
applied voltage. Speciﬁcally, the acoustic pressure inside the
central cavity is estimated to be 1.2 MPa at a frequency,
f = 2.01 MHz, a driving voltage, V = 80 Vpp, and taking an epoxy
resin as an example. For the same scenario, the forces acting on a
ﬂuid suspended spherical glass particle (r = 25 lm) are calculated
using the approach of Gor’kov [38], to be of the order of 34 nN.
The composite assembly time is critically dependent on viscos-
ity, with the ﬂuid drag constituting the dominant resistive force
to any particle motion. A low viscosity resin is thus generally pre-
ferred. For short glass ﬁbres (r 6 25 lm) dispersed in water (gwater
 0.8e3 Pa s), full assembly is experimentally achieved in less
than 100 ms, with particles traveling to pressure nodes. Given a lin-
ear dependency of the drag force on viscosity, an equivalent assem-
bly time of 950 ms is calculated for ﬁbres suspended in the resin.
2.3. Ultrasonic assembly
Representative micrographs of milled glass ﬁbres assembled
into lines of unidirectional reinforcement are shown in Fig. 2(a–
d). Note, the separation of the lines varies with wavelength in
the matrix material. A typical sample cross-section, produced by
X-ray micro-tomography (lCT), can be seen in Fig. 2(e).
A range of matrix materials has been used to demonstrate the
versatility of the ultrasonic assembly mechanism. While both agar
and silicone materials relied on a temperature dependent polymer-
isation mechanism, a photo-initiator system was used to cure
polyester and epoxy samples. Varying degrees of alignment are
achieved, depending on the volumetric ratio of ﬁbre to host media.
For low ﬁbre volume fractions, more distinct line features can be
achieved, with individual particles generally being well aligned.
High ﬁbre volume fractions lead to the formation of long parallel
strands of reinforcement with a higher degree of misalignment
present within each line.
Fig. 2. Ultrasonic assembly of glass particles into lines of unidirectional reinforcement in (a) epoxy (c = 1510 m s1 ± 2.8%), (b) polyester (c = 1347 m s1 ± 2.5%), (c) silicone
(c = 1070 m s1 ± 4.4%), (d) agar (c = 1513 m s1 ± 2.9%). Examples are shown at different magniﬁcations and for varying ﬁbre volume fractions. A typical sample cross-section
(e) is presented in the form of a X-ray micro-tomography image. Fibre lines extend along the y-direction and are separated in the x-direction by a theoretical distance of
k=2 ¼ c=2f , where c is the speed of sound in the matrix material and f is the driving frequency.
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The fabrication process for the ultrasonically assembled sam-
ples, is shown diagrammatically in Fig. 3. Firstly, some dry ﬁbre
reinforcements were distributed on the substrate. About 0.8 ml
of resin was then added, before the two phases were mixed to give
an even dispersion of glass particles on the bottom surface. An
ultrasonic ﬁeld was applied to drive the ﬁbres to the nodal posi-
tions of the resulting standing wave. Given a driving frequency of
2.01 MHz and assuming a speed of sound, c = 1480 m s1 in the
ﬂuid, lines of ﬁbres are predicted to form at a separation of
k=2 ¼ 368 lm, where k is the acoustic wavelength; experimental
measures ﬁnd this separation to be in the range 350–380 lm. Prior
to polymerisation initiation, reinforcement entities were allowed
approximately 60 s to arrange and orient themselves under the
inﬂuence of ultrasound. Finally, the resin was exposed to a blue
light LED and cured in 40 s. No geometrical changes (such as nar-
rowing or broadening of the lines) were observed during the rapid
solidiﬁcation phase.
Following the removal of the acoustic drivers and the substrate,
two identical 13.6  13.6 mm test pieces were cut from the origi-Fig. 3. Flow chart showing the sequence of the sample fabrication process.nal sample using a high precision CO2 laser. Across samples, the ﬁ-
bre volume fraction, Vf was estimated to be 9.0 ± 2.0%, by lCT
analysis; for each pair of test pieces, Vf was assumed to be the
same. By means of the above procedure a true comparison of
mechanical test results could be established for each pair of test
pieces. An analysis between samples also serves to quantify gen-
eral manufacture consistency, to estimate average strength and
stiffness values, and to determine failure mechanisms. The slight
meniscus formed by excess resin on top of each specimen was
removed by abrading all specimens to a uniform thickness of
0.50 ± 0.05 mm. To allow for better gripping of the test pieces
during mechanical testing (in tension), end tabs – as depicted in
Fig. 4 – were attached to the specimens. A set each of randomly dis-
persed ﬁbre samples and neat resin specimens were prepared in the
same manner but no ultrasonic energy was applied in these cases.2.5. Demonstration of structural anisotropy
The samples were mechanically tested in tension at a displace-
ment controlled crosshead speed of 0.10 mmmin1. The results areFig. 4. Schematic illustration of the specimen geometry for mechanical character-
isation. End tabs were adhered to each pair of test specimens. In one case end tabs
were attached parallel to the direction of ﬁbre reinforcement, in the other they were
transversely oriented.
Fig. 5. Tensile test results for short glass ﬁbre reinforced composite samples (with microstructure as per Fig. 2(a)). (a) The average stress–strain response is shown across
samples without reinforcement, samples with randomly distributed reinforcement, samples reinforced in the x-direction, and samples whose reinforcement runs along the
direction of loading. (b) A comparison of failure strength for the same set of test specimens.
Fig. 6. SEM of the fracture surfaces, (a) for a sample subjected to loading in the y-direction, (b) a sample strained in the x-direction. Higher magniﬁcation images providing
greater detail of the fracture surfaces in (a and b), are shown in (c and d), respectively.
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comparison of material strength along the line of ﬁbre reinforce-
ment (y-direction) with that across it (x-direction) is also given
in the same ﬁgure.
An average stiffness of 16.36 ± 0.48 MPa was recorded for trans-
versely strained samples; in comparison, specimens loaded in the
direction of ﬁbre reinforcement consistently showed superior
mechanical performance with an average stiffness of 17.66 ±
0.63 MPa. The Young’s modulus of samples without reinforce-
ment and randomly oriented reinforcement were obtained as
11.51 ± 0.45 MPa and 13.33 ± 0.45 MPa, respectively. It is thus evi-
dent that improved structural properties and anisotropy have been
achieved. On comparison between samples with randomly oriented
reinforcements and ultrasonically assembled samples strained
transversely, onenotes that the latter appear to provide greater stiff-
ness.Webelieve that this is due to the fact thatwithin the assembledlines, ﬁbres are in close proximity allowing interaction and load
transfer, which results in increased stiffness. Within the random
samples the ﬁbres are dispersed and cannot interact.
As is clear from Fig. 5, the matrix itself exhibits a more ductile
mechanical behaviour with strains to failure of up to 5.55 ±
0.30%; on the addition of ﬁbre reinforcement, a more brittle failure
mechanism is observed with failure generally occurring in a region
of 2–3% strain.
For an estimation of the expected composite stiffness, E, the
basic rule of mixtures (assuming continuous ﬁbre reinforcement)
was applied:
E ¼ Vf Ef þ ð1 Vf ÞEm: ð1Þ
Here, Em, and Ef are the Young’s modulus of the matrix and the
ﬁbres, respectively. Across all samples, an average E ¼ 18:97
1:50 MPa was so calculated, taking Vf ¼ 9:0 2:0% as previously
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with that measured experimentally.
To gain an understanding of the failure mechanism, scanning
electron microscopy (SEM) was employed and the fracture surfaces
of the samples were inspected (Fig. 6). A good degree of ﬁbre align-
ment can be seen for both samples loaded in the y- (Fig. 6(a)) and
x-direction (Fig. 6(b)). Some ﬁbre pullout, and cracks running along
the sample z-direction are indicative of failure due to loading in the
y-direction (Fig. 6(c)). At high magniﬁcations (Fig. 6(d)), good
adhesion between the reinforcements and the surrounding matrix
is apparent, while large amounts of matrix deformation can also be
observed; this is evident particularly for samples loaded in the
x-direction.
3. Conclusions
In summary, ultrasonic particle manipulation techniques were
used to manufacture thin, single layers of short glass ﬁbre rein-
forced polymer composites. A new type of ultrasonic device was
developed, separating the acoustic system from the resin cavity
to allow for the easy manufacture of multiple samples. Further,
an effective method has been outlined to manufacture and
mechanically characterise these thin laminar two-phase materials.
With an 8% difference in stiffness between the two principal direc-
tions, anisotropy was demonstrated for unidirectionally reinforced
discontinuous ﬁbre composites under uniaxial tensile loading. A
43% improvement in strength could be observed for samples tested
along the direction of ﬁbre reinforcement over those strained
perpendicular to the ﬁbre direction, despite the relatively low
volume percentage of the reinforcement phase.
With acoustic assembly techniques able to generate a wider
range of ﬁbre architectures, the realisation of both in- and out-
of-plane reinforcement may in the future also become possible. Be-
sides, ultrasonic assembly methodologies hold the potential to be
used as part of an additive layer fabrication process, thus enabling
the rapid prototyping manufacture of structurally efﬁcient short ﬁ-
bre composites.
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